Abstract -The mechanical design of the Fermilab high gradient quadrupole (HGQ) magnet cold mass is presented, along with its expected behavior and performance under fabrication and operational conditions. Coil stresses, end forces and collared coil diameter measurements obtained during fabrication and cryogenic testing are also presented, and are discussed in the context of expected behavior and feedback into the design.
I. INTRODUCTION
Fermilab, in collaboration with Lawrence Berkeley National Laboratory, is developing a high gradient quadrupole for use in the LHC interaction regions. A series of short model magnets is being produced in order to optimize design and fabrication details and to ensure adequate .performance. Magnet performance is strongly determined by the mechanical design, which must satisfy strict criteria such as controlling conductor placement and motion, providing for electrical integrity, providing a stable and suitable thermal environment, and yielding a practical and efficient construction methodology.
The general design of the Fermilab HGQ magnet, detailed elsewhere 113, consists of a 2-layer cos(28) coil structure fully supported by stainless steel collars, which are surrounded by a cold iron yoke and stainless steel skin capped with steel end plates.
Measured component properties and dimensions were used in conjunction with calculations to predict coil stress loss during cooldown from ambient temperature to operating temperature, and due to Lorentz forces acting on the coils during excitation [2] . Measured coil stresses and end forces are compared with these predictions. Collared coil diameter measurements obtained during fabrication are also presented, and are discussed in the context of expected behavior and feedback into the design and fabrication optimization process.
MECHANICAL DESIGN
The inner (outer) coils for these magnets are wound under 36 kG of tension, from 38 (46) strand NbTi Rutherford cable, insulated with Kapton" tape and polyimide or epoxy adhesive. Copper wedges are used to separate current blocks and yield the proper current density distribution. The end parts of these coils, made from G-10 or Ultem@, are designed and machined to provide least-strain paths for the individual cable turns. After winding, the coil assemblies are cured at 13OOC or 190°C (depending upon the adhesive used) with Manuscript received 15 September 1998 Work supported by the United States Department of Energy sufficient pressure and mold cavity shimming to yield a finished coil with the required azimuthal size and mechanical properties.
After curing, the azimuthal size of the coils is measured as a function of applied pressure in order to determine both the coil's size and modulus of elasticity. These data are used to determine the required amount of shimming needed to achieve this target coil pre-stress. This measurement includes the end regions of the coils in the vicinity of the end parts, thereby providing a means to determine proper end region shimming, and maintaining uniform azimuthal stress distribution along the longitudinal axis.
The cured coils are supported by collar laminations made of Nitronic 40 stainless steel. The coils are assembled, covered with several layers of Kapton" film to provide electrical insulation, and enclosed by the collar laminations. The collars are then compressed radially, providing mechanical support for the coils and the proper conductor alignment, and are held in place using stainless steel keys inserted under pressure.
In the first two model magnets, collars were not used to restrain the coils in the lead end of the magnet, due to interference with the inner-outer layer splices. Instead, a collet-type of restraint method was employed, whereby radial pressure was applied by forcing a tapered aluminum cylinder over a 4 piece collet assembly. This collet assembly was also designed to provide mechanical restraint and thermal stability for the inner-outer layer splices, which it enclosed. The third model magnet employs an internal configuration for these splices, whereby they no longer protrude radially past the outer coil radius. As a result, the coils in the lead end can be supported by the same collar laminations used in the body of the magnet, modified by the removal of the pole regions.
The collared coil is enclosed by a two piece iron yoke which is radially supported by an 8mm thick stainless steel skin. The yoke is aligned with the collared coil using alignment keys, which also maintain a gap of about 350 pm between the collar and yoke laminations.
The HGQ magnet mechanical constraint system was designed to provide a coil stress of approximately 80 MPa in the inner and outer coils when assembled at room temperature. This stress is chosen so that upon cooldown to liquid helium temperatures and under the effect of Lorentz forces, the coils are still fully supported by the collar structure [2].
MECHANICAL PERFORMANCE
The fabrication details and mechanical properties of the coils used in the first four model magnets are summarized in In all cases, Kapton" shim is added to each individual coil to yield the target size, to within 25 pm. Shown in Fig. 1 . are the measured coil sizes for the inner coils used in magnet HGQ03. It is evident that the variation in size of any given coil is within about 15 pm, with about the same variation in average size seen from coil to coil. The coil-collar assemblies are instrumented with resistive and capacitance strain gauges [5] , [6] in order to measure azimuthal coil stresses in the body (and occasionally in the ends) of the magnet. These gauges are monitored during the keying process to determine the pre-stress applied to the coils and provide feedback on coil size/shim requirements. Additionally, the outer diameter of the collar assembly is monitored during the keying process, to provide further information regarding the spring rate of the coil/collar system under dynamic conditions, including so-called springback effects.
Once keying is completed the collared-coil outer diameter (O.D.) is then systematically measured [7] . Departures of the collared coil diameter from the nominal un-stressed diameter are related to the level of coil pre-stress. Further, the After the welding of the outer shell has been completed, the end restraint plates are welded to this shell, and longitudinal pre-load is applied to the coils, if desired, by torqueing the end pre-load screws while monitoring end force transducers (so-called "bullet" gauges). End load is typically applied at a level that ensures positive contact (i.e., non-zero load) when the magnet is cooled to liquid helium temperatures without excitation current applied. In this manner the coils are longitudinally restrained at all times.
While testing magnet HGQO1, it was found that the initial pre-load applied at 300K (1.3 kN) was insufficient to maintain longitudinal forcekontact when cooled to 4.2K. Additional end load was therefore applied (up to 27 kN) during the period between cryogenic test cycles. An intermediate level of pre-load (8-11 kN) was initially applied to magnet HGQO2 at 300K.
IV. CRYOGENIC PERFORMANCE
After fabrication and room temperature testing is completed, the model magnets undergo thorough cryogenic testing in the Fermilab Vertical Magnet Test Facility (VMTF) [6] . This testing includes extensive quench training, quench protection studies, and magnetic measurements, in addition to mechanical behavior studies. Results from the former are presented elsewhere [8]-[ 101.
Coil stresses, skin stresses, and longitudinal coil forces are measured for each excitation cycle, as a function of applied current. Coil stresses and longitudinal end forces are also recorded at cryogenic temperatures before excitation, to provide information on stress and force changes due to thermal contraction effects upon cooldown from room temperature.
Coil stress as a function of the square of the excitation current for magnets HGQOl and HGQ02 is presented in Fig.  3 . The linear decrease in coil stress is in excellent agreement with that expected from the I* dependence of the Lorentz forces exerted on the conductor. Both magnets HGQO1 and HGQ02 exhibited satisfactory azimuthal coil stress at the maximum current reached during testing, and would indeed maintain non-zero coil stress at the nominal field gradient.
The longitudinal end force measurement for magnet HGQOlis shown in Fig. 4 . The lower set of curves are measurements taken during the first test cycle. No end force is observed at the non-lead end for currents below about 7000A, indicating that the coils had shrunk upon cooldown more than the yokehhell, leading to a loss of contact with the end plates. Since the majority of quenches observed in magnet HGQOl were located in the transition area between the coil ends and straight section, it was decided to increase the longitudinal coil pre-load between cryogenic test cycles, in order to determine if improved longitudinal restraint would have a beneficial effect on quench performance.
Increased longitudinal end loading of magnet HGQOl is evident from the upper set of curves in Fig. 4 , which shows that now both ends are supported at all levels of excitation current. Interestingly, this improved longitudinal restraint did not have an observable effect on quench behavior -magnet HGQOl still trained substantially, and the majority of quenches during the second test cycle were still localized in the magnet ends and transition area.
Concerns with very high end-loads at elevated excitation current levels leading to mechanical failure of the coil end part material led to the decision to apply an intermediate longitudinal pre load to magnet HGQ02. Cryogenic testing, however, showed that the chosen room-temperature pre-load was insufficient to maintain end plate-coil contact in all quadrants of the magnet when at liquid helium temperatures.
As shown in Fig. 5 , only one quadrant of the magnet was in contact with the end restraining plate at zero excitation current. Magnet HGQ02 experienced a majority of training quenches in the coil non-lead end regions, corresponding to the least loaded end of the magnet. The end region quenches of magnet HGQ02 occurred farther into the end region of the coils, not in the transition region. This may be due to poor end part/coil adhesion resulting from a change in end part material and coil insulation adhesive properties, a problem corrected on HGQ03. During quench training, it was observed that coil-end plate contact was initially occurring at subsequently lower excitation currents, indicating that the longitudinal coil motion was not reversible. During its second test cycle the end pre-load was completely removed from the non-lead end (the lead end loading screws are inaccessible once the quadrant splices are completed). Upon the resumption of cryogenic testing, no appreciable change in quench performance was observed. It would appear that longitudinal end force alone is not sufficient in this case to mechanically stabilize the end regions of the coils.
The coil stress changes due to thermal contraction of the coils and coil support structure, and Lorentz forces, have been calculated and are summarized in Table 111 , for magnets HGQO1 and HGQ02, along with predictions from finiteelement calculations. Magnet HGQ03 has yet to be cryogenically tested. The stress change due to thermal contraction as measured compares well with the predictions, except for the inner coil of magnet HGQO1, which experienced a greater pre-stress loss than anticipated. The measured stress change due to Lorentz forces agrees well with model predictions.
The total end forces measured for magnets HGQOland HGQ02 are significantly lower than expected. The additional end loads resulting from Lorentz forces acting on the coil during excitation are about a factor of four smaller than calculated, based upon the assumption that the total longitudinal force on the coils is transferred to the end restraint plates. It would appear, therefore, that either some longitudinal load is being transferred radially to the yoke and skin, or the cable turns in the end regions of the coils are perhaps separating, leaving only a small fraction of the turns to transfer the longitudinal load to the end plates.
To test the first hypothesis, strain gauges were mounted to the skins of magnets HGQOl and HGQO2 in order to measure skin strains during excitation. In general, these measurements showed that the strains in the skins were uniformly consistent with what would be expected based upon material properties and measured end loads. No additional stresses (transferred through colladyoke contact, for example) were detected.
V. CONCLUSIONS
The Fermilab HGQ mechanical design appears to offer satisfactory coil support against mechanical disturbances in the body of the magnet. The design parameters have been refined using empirical studies and analytical and finiteelement calculations.
The end regions of these magnets, which have been the source of the majority of training quenches, remain problematic. Coil support from longitudinal loading does not provide a complete solution. Radial and azimuthal constraint must also be provided. Further development is underway to improve end support, possibly by providing a radial interference between the collar and yoke which, together with end loading, would completely restrain coil motion in both the radial and longitudinal direction. Additionally, the end transition region has been improved by extending the copper wedge further into the ends, increasing mechanical support, and enhanced adhesion between cable/end parts has also been successfully addressed.
